Abstract: Aegista chejuensis and Aegista quelpartensis (Family-Bradybaenidae) are endemic to Korea, and are considered vulnerable due to declines in their population. The limited genetic resources for these species restricts the ability to prioritize conservation efforts. We sequenced the transcriptomes of these species using Illumina paired-end technology. Approximately 257 and 240 million reads were obtained and assembled into 198,531 and 230,497 unigenes for A. chejuensis and A. quelpartensis, respectively. The average and N50 unigene lengths were 735.4 and 1073 bp, respectively, for A. chejuensis, and 705.6 and 1001 bp, respectively, for A. quelpartensis. In total, 68,484 (34.5%) and 77,745 (33.73%) unigenes for A. chejuensis and A. quelpartensis, respectively, were annotated to databases. Gene Ontology terms were assigned to 23,778 (11.98%) and 26,396 (11.45) unigenes, for A. chejuensis and A. quelpartensis, respectively, while 5050 and 5838 unigenes were mapped to 117 and 124 pathways in the Kyoto Encyclopedia of Genes and Genomes database. In addition, we identified and annotated 9542 and 10,395 putative simple sequence repeats (SSRs) in unigenes from A. chejuensis and A. quelpartensis, respectively. We designed a list of PCR primers flanking the putative SSR regions. These microsatellites may be utilized for future phylogenetics and conservation initiatives.
Bradybaenidae, Aegista diversifamilia and Dolicheulota formosensis, have yielded a large amount of genetic data which may facilitate research on the evolutionary processes in gastropods [21] .
In this study, we investigated the whole-body transcriptomes of the Korean endemic land snails A. chejuensis and A. quelpartensis using the Illumina NGS platform. We provide new genomic sequence information for these species and discuss its application in molecular taxonomy, functional genomics, and conservation genetics study.
Results and Discussion

Illumina Sequence Analysis and Assembly
We obtained the whole transcriptomes of the Bradybaenidae land snails A. chejuensis and A. quelpartensis using the Illumina HiSeq 2500 sequencing platform. The transcriptome assembly and analysis workflow is shown in Figure 1 . Each sequencing lane generated 2ˆ50-nt independent reads from either end of a cDNA fragment. We obtained 256,655,870 (32, 338 ,639,620 nt) and 239,242,058 (30, 144, 499 ,308 nt) raw reads for A. chejuensis and A. quelpartensis, respectively. After pre-processing the raw reads which included trimming adapter sequences, we recovered 99.83% and 99.79% of the sequencing reads for the A. chejuensis and A. quelpartensis transcriptomes, respectively (Table S1 ). A total of 253,220,985 (31, 397, 895 ,789 nt) and 235,525,993 (29, 188 ,212,057 nt) clean reads remained, with average fragment lengths of 124 and 123.9 bp for A. chejuensis and A. quelpartensis, respectively. An overview of the transcriptome sequencing, assembling, and clustering results is presented in Table 1 . In this study, we investigated the whole-body transcriptomes of the Korean endemic land snails A. chejuensis and A. quelpartensis using the Illumina NGS platform. We provide new genomic sequence information for these species and discuss its application in molecular taxonomy, functional genomics, and conservation genetics study.
Results and Discussion
Illumina Sequence Analysis and Assembly
We obtained the whole transcriptomes of the Bradybaenidae land snails A. chejuensis and A. quelpartensis using the Illumina HiSeq 2500 sequencing platform. The transcriptome assembly and analysis workflow is shown in Figure 1 . Each sequencing lane generated 2 × 50-nt independent reads from either end of a cDNA fragment. We obtained 256,655,870 (32, 338 ,639,620 nt) and 239,242,058 (30, 144, 499 ,308 nt) raw reads for A. chejuensis and A. quelpartensis, respectively. After pre-processing the raw reads which included trimming adapter sequences, we recovered 99.83% and 99.79% of the sequencing reads for the A. chejuensis and A. quelpartensis transcriptomes, respectively (Table S1 ). A total of 253,220,985 (31, 397, 895 ,789 nt) and 235,525,993 (29, 188 ,212,057 nt) clean reads remained, with average fragment lengths of 124 and 123.9 bp for A. chejuensis and A. quelpartensis, respectively. An overview of the transcriptome sequencing, assembling, and clustering results is presented in Table 1 . Clean reads were assembled using a Trinity de novo program (default sequence length: >200 nt) for contiguous, overlapping sequences (contigs). A total of 375,118 (229,108,084 nt) and 463,438 (269,776,350 nt) contig sequences were assembled for A. chejuensis and A. quelpartensis, respectively. The mean length and the N50 length of contigs in A. chejuensis were 610.8 and 788 bp, whereas in A. quelpartensis they were 582.1 and 719 bp, respectively. The longest contigs were 34,543 and 26,467 bp for A. chejuensis and A. quelpartensis, respectively. A size distribution analysis of the contigs in A. chejuensis (Figure 2A) The previously reported Japanese scallop (Mizuhopecten yessoensis) transcriptome, which was created using the Illumina sequencing platform, generated contigs ranging from 100 to 29,088 bp in length, with an average of 436 bp [22] . In this study, we obtained a longer average contig length, with the longest in A. chejuensis being 34,543 bp. The average contig length in our assembly exceeded those of the non-model snail species R. balthica (536 bp average contig length) [14] , the blood cockle Anadara trapezia (505 bp) [23] , and the Chlamys farreri mantle transcriptome (249 bp) [24] . Generally, larger values for contig number, N50 length, average contig length, and maximum contig length are associated with superior assembly performance (although there are some exceptions) [25, 26] . We calculated N50 by adding long contigs to short contigs until the summed length exceeded 50% of the total length of all contigs. The Trinity de novo assembler used in this study has been shown to outperform other top assemblers and is widely used across a variety of taxa [27] [28] [29] [30] .
Next, the unigenes (sequences not being extended on either side) were obtained by mapping the paired-end reads to contigs and using TGICL to form a single set of non-redundant unigenes. TGICL effectively removes redundancy and retains long, high-quality transcripts which are essential parameters for obtaining rich genetic information [31] [32] [33] . The analysis yielded 198,531 (145,998,300-nt) unigene sequences with average and N50 lengths of 735.4 and 1073 bp, respectively, for A. chejuensis. For A. quelpartensis, the clustering assembly yielded 230,497 unigene sequences with average and N50 lengths of 705.6 and 1001 bp, respectively. Of the assembled unigenes for A. chejuensis, 84,737 (42.68%) were longer than 500 bp, and 50,428 (25.4%) were longer than 1000 bp. In case of A. quelpartensis, 93,717 (40.66%) unigenes were longer than 500 bp, and 40,519 (17.58%) were longer than 1000 bp. The size distribution of assembled unigenes is shown in Figure 2B . The average length and N50 length of unigenes obtained in this study is greater than average length (453 bp) and N50 length (492 bp) of unigenes in the comprehensive transcriptome dataset for Echinolittorina snails [15] . Overall, based on the comparison of transcriptomes, we find a more effective de novo assembly in A. quelpartensis as it generated a larger number of transcripts from fewer raw read sequences. 
Sequence Annotation and Homology Characteristics
The assembled unigene sequences of A. chejuensis and A. quelpartensis were aligned with protein and nucleotide databases using BLASTX and BLASTN analysis, respectively, at an E-value cutoff of ≤1.0 × 10 −5 . Table 2 reports the sequence-based annotation profiles of unigenes obtained against protein databases such as Protostome DB (PANM-DB), Clusters of Orthologous Groups of proteins (COG), Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), and nucleotide database in Unigene DB. While PANM, Unigene, and COG DB were used as sequence annotation databases, GO, KEGG, and InterProScan analysis were used for enrichment analysis. The results indicated that, out of 198,531 and 230,497 unigenes for A. chejuensis and A. quelpartensis, a total of 68,484 (34.5%) and 77,745 (33.73%) unigenes, respectively, were annotated to the public databases. However, 65%-66% of unigenes were not annotated based on BLAST searches with protein sequences from the public databases. Most of these unigenes were relatively short sequences and, understandably, may lack conserved protein motifs and domains. Moreover, in addition to proteincoding genes, the transcriptome may also contain incompletely spliced introns, orphaned 
The assembled unigene sequences of A. chejuensis and A. quelpartensis were aligned with protein and nucleotide databases using BLASTX and BLASTN analysis, respectively, at an E-value cutoff of ď1.0ˆ10´5. Table 2 reports the sequence-based annotation profiles of unigenes obtained against protein databases such as Protostome DB (PANM-DB), Clusters of Orthologous Groups of proteins (COG), Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), and nucleotide database in Unigene DB. While PANM, Unigene, and COG DB were used as sequence annotation databases, GO, KEGG, and InterProScan analysis were used for enrichment analysis. The results indicated that, out of 198,531 and 230,497 unigenes for A. chejuensis and A. quelpartensis, a total of 68,484 (34.5%) and 77,745 (33.73%) unigenes, respectively, were annotated to the public databases. However, 65%-66% of unigenes were not annotated based on BLAST searches with protein sequences from the public databases. Most of these unigenes were relatively short sequences and, understandably, may lack conserved protein motifs and domains. Moreover, in addition to protein-coding genes, the transcriptome may also contain incompletely spliced introns, orphaned untranslated regions (UTRs), non-coding genes, and random transcriptional noise. Consequently, these are valid sequences, even though they were not annotated as proteins. Out of the public databases used for sequence annotation in this study, PANM-DB recorded the largest number of annotated hits, with 61,483 (30.97%) and 69,549 (30.17%) unigenes for A. chejuensis and A. quelpartensis, respectively. This is not surprising, since the database contains only protostome protein sequences (Mollusca, Arthropoda and Nematoda). The database is more efficient than the NCBI non-redundant (nr) and Molluscs DB in terms of speed and quality of annotation [34] . The BLASTX annotation results for A. chejuensis and A. quelpartensis unigene sequences against PANM-DB are shown in Tables S2 and S3, respectively. We were able to map GO terms to 23,778 and 26,396 unigenes and KEGG pathways to 2246 and 2537 unigenes of A. chejuensis and A. quelpartensis, respectively. A size-based analysis of the BLAST annotated unigenes showed that longer unigenes were more likely to find matches in the reference public databases. We also clarified the homologous matches of assembled unigene sequences in the PANM, Unigene, and COG databases using BLASTX with a cutoff E-value of 10´5 (Figure 3 ). Among the assembled unigenes annotated to the three public databases, 15,792 and 5780 unigenes in A. chejuensis had homologous sequences in PANM-DB and COG DB and PANM-DB and Unigene DB, respectively. A total of 12,398 unigenes were annotated by all three databases ( Figure 3A ). In the case of A. quelpartensis unigenes, 17,308 and 6827 unigenes were annotated concurrently by PANM-DB and COG DB, and by PANM-DB and Unigene DB, respectively. A total of 13,827 unigenes had homologous matches in all the three databases ( Figure 3B ). We found that most of the unigenes annotated to the functional COG DB also had homologous matches to protein sequences in PANM-DB. A. quelpartensis had more unigenes that showed homology to proteins in all three databases, which may reflect the larger number of transcripts available for this species. We also analyzed the assembled unigenes of both the species that annotated to all three databases (data not shown). The unigenes of A. quelpartensis and not A. chejuensis show homologous matches to G-type lysozyme and peroxiredoxin I in all three databases. Furthermore, homologous matches to both snail yolk ferritin and snail soma ferritin were noticed in the case of A. quelpartensis unigenes, while A. chejuensis unigenes found a homologous match to only snail soma ferritin. The annotated information for unigenes showing homologous matches in all three databases for both species includes catalase, β tubulin, importin β1, argonaute-2, kinesin light and heavy chain, troponin and tropomyosin, hedgehog, calmodulin, cathepsin, ubiquitin family, heat shock protein 70, C-type lectin, etc. These are specific examples and in no way represent the only results of the transcriptome annotation. We annotated unigenes using a BLAST search of PANM-DB, and assessed the E-values of alignments, sequence identity, similarity distribution, and the ratio of unigene hits to non-hits. In the case of A. chejuensis unigenes annotated to PANM-DB, the top hit E-value ranged from 1.0 × 10 −50 to 1.0 × 10 −5 (39,249 unigenes, 63.84%), followed by 1.0 × 10 −100 to 1.0 × 10 −50 (8482 unigenes, 13.8%), and 0 (7308 unigenes, 11.89%) ( Figure 4A ). We found that 40% of the mapped sequences had identities between 40%-60% to matches in PANM-DB, while 23% of sequences had identities of 60%-80% ( Figure 4B ). Regarding the similarity distribution of annotated unigenes, most sequences (66.36%) had similarity higher than 60%, and 23.22% of sequences had similarity higher than 80% ( Figure 4C ). The hit percentage of unigenes increased in direct proportion to the length of the annotated unigenes, with approximately 85% of sequences longer than 2001 bp having hits to matching proteins in PANM-DB ( Figure 4D ). We annotated unigenes using a BLAST search of PANM-DB, and assessed the E-values of alignments, sequence identity, similarity distribution, and the ratio of unigene hits to non-hits. In the case of A. chejuensis unigenes annotated to PANM-DB, the top hit E-value ranged from 1.0ˆ10´5 0 to 1.0ˆ10´5 (39,249 unigenes, 63.84%), followed by 1.0ˆ10´1 00 to 1.0ˆ10´5 0 (8482 unigenes, 13.8%), and 0 (7308 unigenes, 11.89%) ( Figure 4A ). We found that 40% of the mapped sequences had identities between 40%-60% to matches in PANM-DB, while 23% of sequences had identities of 60%-80% ( Figure 4B ). Regarding the similarity distribution of annotated unigenes, most sequences (66.36%) had similarity higher than 60%, and 23.22% of sequences had similarity higher than 80% ( Figure 4C ). The hit percentage of unigenes increased in direct proportion to the length of the annotated unigenes, with approximately 85% of sequences longer than 2001 bp having hits to matching proteins in PANM-DB ( Figure 4D ). We annotated unigenes using a BLAST search of PANM-DB, and assessed the E-values of alignments, sequence identity, similarity distribution, and the ratio of unigene hits to non-hits. In the case of A. chejuensis unigenes annotated to PANM-DB, the top hit E-value ranged from 1.0 × 10 −50 to 1.0 × 10 −5 (39,249 unigenes, 63.84%), followed by 1.0 × 10 −100 to 1.0 × 10 −50 (8482 unigenes, 13.8%), and 0 (7308 unigenes, 11.89%) ( Figure 4A ). We found that 40% of the mapped sequences had identities between 40%-60% to matches in PANM-DB, while 23% of sequences had identities of 60%-80% ( Figure 4B ). Regarding the similarity distribution of annotated unigenes, most sequences (66.36%) had similarity higher than 60%, and 23.22% of sequences had similarity higher than 80% ( Figure 4C ). The hit percentage of unigenes increased in direct proportion to the length of the annotated unigenes, with approximately 85% of sequences longer than 2001 bp having hits to matching proteins in PANM-DB ( Figure 4D ). The characteristics of the homology search for A. quelpartensis unigenes annotated against PANM-DB are shown in Figure 5 . The E-value distribution of the top matches in PANM-DB showed that 68.16% of unigenes displayed evidence indicating a high degree of homology (1.0ˆ10´5 0 -1.0ˆ10´5) to known genes, whereas 12.49% and 10.10% of sequences had E-values ranging from 1.0ˆ10´1 00 to 1.0ˆ10´5 0 and 0, respectively ( Figure 5A ). Forty-two percent of sequences showed identity of 40%-60%, and 22% of sequences showed identity of 60%-80% to matches in PANM-DB ( Figure 5B) . A large proportion of the unigenes (44.09%) showed similarity of 60%-80%, while 21.50% of unigenes showed similarity greater than 80% to the top annotated sequences in PANM-DB ( Figure 5C ). As with A. chejuensis, the number of annotated hits of A. quelpartensis unigenes increased with length; BLAST hits were obtained for approximately 85% of sequences longer than 2001 bp ( Figure 5D ). The species distribution showed that the greatest number of matches for A. chejuensis (47.37% of PANM-DB annotated unigenes) and A. quelpartensis unigenes (42.53% of PANM-DB annotated unigenes) were with Aplysia californica genes for which the genomic resources have previously been characterized in detail [35, 36] . There were also top hit matches of unigene sequences to known proteins of the marine gastropod mollusc Lottia gigantea and the Pacific oyster Crassostrea gigas. The top hit species distributions for A. chejuensis and A. quelpartensis are shown in Figure 6A ,B, respectively. The characteristics of the homology search for A. quelpartensis unigenes annotated against PANM-DB are shown in Figure 5 . The E-value distribution of the top matches in PANM-DB showed that 68.16% of unigenes displayed evidence indicating a high degree of homology (1.0 × 10 −50 -1.0 × 10 −5 ) to known genes, whereas 12.49% and 10.10% of sequences had E-values ranging from 1.0 × 10 −100 to 1.0 × 10 −50 and 0, respectively ( Figure 5A ). Forty-two percent of sequences showed identity of 40%-60%, and 22% of sequences showed identity of 60%-80% to matches in PANM-DB ( Figure 5B) . A large proportion of the unigenes (44.09%) showed similarity of 60%-80%, while 21.50% of unigenes showed similarity greater than 80% to the top annotated sequences in PANM-DB ( Figure 5C ). As with A. chejuensis, the number of annotated hits of A. quelpartensis unigenes increased with length; BLAST hits were obtained for approximately 85% of sequences longer than 2001 bp ( Figure 5D ). The species distribution showed that the greatest number of matches for A. chejuensis (47.37% of PANM-DB annotated unigenes) and A. quelpartensis unigenes (42.53% of PANM-DB annotated unigenes) were with Aplysia californica genes for which the genomic resources have previously been characterized in detail [35, 36] . There were also top hit matches of unigene sequences to known proteins of the marine gastropod mollusc Lottia gigantea and the Pacific oyster Crassostrea gigas. The top hit species distributions for A. chejuensis and A. quelpartensis are shown in Figure 6A ,B, respectively. 
Functional Prediction Using COG, GO and KEGG
The assembled A. chejuensis and A. quelpartensis unigenes were annotated against the proteins in the COG database. As a platform, the COG analysis classifies gene products into atleast 25 protein families broadly categorized to "metabolism", "cellular processes and signaling", "information storage and processing" or "poorly characterized groups". In this study, a total of 28,197 and 31,148 unigenes from A. chejuensis and A. quelpartensis, respectively, were classified into 25 functional categories (excluding the multi-class category) ( Figure 7 ). For both species, a large proportion of annotated sequences fell into the "general function prediction only" and "signal transduction mechanisms" categories, as well as the multi-class category. For A. chejuensis and A. quelpartensis sequences annotated against the COG database, 20.18% and 19.89% of unigenes, respectively, were grouped into "general function prediction only" category. The groups to which the fewest unigenes were annotated in both species included "defense mechanisms", "chromatin structure and dynamics", "coenzyme transport and metabolism", "nuclear structure", and "cell motility". The COG-based functional predictions of annotated A. chejuensis and A. quelpartensis unigenes are shown in Figure 7A ,B, respectively. Our results are consistent with the COG-based functional prediction of unigenes in the Littorinid snail Echinolittorina malaccana [15] , invasive golden apple snail Pomacea canaliculata, and the mud snail Cipangopaludina cahayensis [37] . 
The assembled A. chejuensis and A. quelpartensis unigenes were annotated against the proteins in the COG database. As a platform, the COG analysis classifies gene products into atleast 25 protein families broadly categorized to "metabolism", "cellular processes and signaling", "information storage and processing" or "poorly characterized groups". In this study, a total of 28,197 and 31,148 unigenes from A. chejuensis and A. quelpartensis, respectively, were classified into 25 functional categories (excluding the multi-class category) ( Figure 7 ). For both species, a large proportion of annotated sequences fell into the "general function prediction only" and "signal transduction mechanisms" categories, as well as the multi-class category. For A. chejuensis and A. quelpartensis sequences annotated against the COG database, 20.18% and 19.89% of unigenes, respectively, were grouped into "general function prediction only" category. The groups to which the fewest unigenes were annotated in both species included "defense mechanisms", "chromatin structure and dynamics", "coenzyme transport and metabolism", "nuclear structure", and "cell motility". The COG-based functional predictions of annotated A. chejuensis and A. quelpartensis unigenes are shown in Figure 7A ,B, respectively. Our results are consistent with the COG-based functional prediction of unigenes in the Littorinid snail Echinolittorina malaccana [15] , invasive golden apple snail Pomacea canaliculata, and the mud snail Cipangopaludina cahayensis [37] . Functional analysis with the BLAST2GO suite was conducted on A. chejuensis and A. quelpartensis unigenes to identify associated GO terms and KEGG pathways. GO classification matches a gene to others of known (or predicted) function, but does not provide conclusive evidence of its function. The three main GO terms were "biological process", "molecular function", and "cellular component". Among the 23,778 unigenes annotated for A. chejuensis, 8724, 847, and 792 sequences were classified into "molecular function", "cellular component", and "biological process", respectively ( Figure 8A ). A total of 6620 unigenes were classified into both the "molecular function" and "biological process" categories, while 5323 sequences were classified into all three categories of GO term annotations. Moreover, 6960 (29.27%) unigene sequences annotated with a single GO term, and the remaining 16,818 (70.73%) sequences were annotated with more than one GO term ( Figure  8B ). Of the 26,396 unigenes annotated for A. quelpartensis, 9473, 992, and 977 sequences were assigned to the "molecular function", "biological process", and "cellular component" categories, respectively ( Figure 8C ). In addition, 5426 unigenes were classified into all three categories. A total of 7749 (29.36%) unigenes were annotated with a single GO term, while the remaining unigenes (18,647, 70.64%) were annotated with more than one GO term ( Figure 8D ). protein turnover, and chaperones; K, transcription; Z, cytoskeleton; J, translation, ribosomal structure, and biogenesis; U, intracellular trafficking, secretion, and vesicular transport; G, carbohydrate transport and metabolism; E, amino acid transport and metabolism; A, RNA processing and modification; P, inorganic ion transport and metabolism; L, replication, recombination, and repair; I, lipid transport and metabolism; C, energy production and conversion; Q, secondary metabolites biosynthesis, transport and catabolism; W, extracellular structures; M, cell wall/membrane/envelope biogenesis; D, cell cycle control, cell division, and chromosome portioning; F, nucleotide transport and metabolism; V, defense mechanisms; B, chromatin structure and dynamics; H, co-enzyme transport and metabolism; Y, nuclear structure; N, cell motility.
Functional analysis with the BLAST2GO suite was conducted on A. chejuensis and A. quelpartensis unigenes to identify associated GO terms and KEGG pathways. GO classification matches a gene to others of known (or predicted) function, but does not provide conclusive evidence of its function. The three main GO terms were "biological process", "molecular function", and "cellular component". Among the 23,778 unigenes annotated for A. chejuensis, 8724, 847, and 792 sequences were classified into "molecular function", "cellular component", and "biological process", respectively ( Figure 8A ). A total of 6620 unigenes were classified into both the "molecular function" and "biological process" categories, while 5323 sequences were classified into all three categories of GO term annotations. Moreover, 6960 (29.27%) unigene sequences annotated with a single GO term, and the remaining 16,818 (70.73%) sequences were annotated with more than one GO term ( Figure 8B ). Of the 26,396 unigenes annotated for A. quelpartensis, 9473, 992, and 977 sequences were assigned to the "molecular function", "biological process", and "cellular component" categories, respectively ( Figure 8C ). In addition, 5426 unigenes were classified into all three categories. A total of 7749 (29.36%) unigenes were annotated with a single GO term, while the remaining unigenes (18, 647, 70 .64%) were annotated with more than one GO term ( Figure 8D ). The top represented GO terms under the three functional categories (on level 2) for A. chejuensis are shown in Figure 9A . Within the category of "biological process", most GO terms were grouped into "cellular process" (GO: 0009987), "metabolic process" (GO: 0008152) and "single-organism process" (GO: 0044699). Within the 'cellular component' category, the most highly represented GO terms were "membrane" (GO: 0016020), "cell" (GO: 0005623), and "organelle" (GO: 0043226). Among the 11 "molecular function" subcategories, most unigenes were assigned to "binding" (GO: 0005488), followed by "catalytic activity" (GO: 0003824) and "transporter activity" (GO: 0005215). GO term annotations for unigenes in the categories "response to stimulus" (GO: 0050896), "signaling" (GO: 0023052), and "immune system process" (GO: 0002376) helped to shed light on the adaptations of such endemic land snails. The assignment of GO functional terms to predicted A. quelpartensis unigenes followed a similar trend. The assigned sequences were categorized into 40 subcategories within three main categories, including "biological process" (19) , "molecular function" (11) , and "cellular component" (10) (Figure 9B ). Within the "biological process" category, "cellular process", "metabolic process" and "single-organism process" represented the most common GO terms. Within the "molecular function" category, "binding" and "catalytic activity" were the main GO assignments; within the "cellular components" category, the main assignments were "cell", "membrane", "organelle" and "macromolecular complex" (GO: 0032991). GO-based annotation suggested a diverse functional categorization of the predicted unigenes in A. chejuensis and A. quelpartensis, which is consistent with the results from the sequenced land snail T. pisana [20] and the freshwater snail O. hupensis [18] . In inferring functionality from GO terms, it is important to emphasize that not all GO The top represented GO terms under the three functional categories (on level 2) for A. chejuensis are shown in Figure 9A . Within the category of "biological process", most GO terms were grouped into "cellular process" (GO: 0009987), "metabolic process" (GO: 0008152) and "single-organism process" (GO: 0044699). Within the 'cellular component' category, the most highly represented GO terms were "membrane" (GO: 0016020), "cell" (GO: 0005623), and "organelle" (GO: 0043226). Among the 11 "molecular function" subcategories, most unigenes were assigned to "binding" (GO: 0005488), followed by "catalytic activity" (GO: 0003824) and "transporter activity" (GO: 0005215). GO term annotations for unigenes in the categories "response to stimulus" (GO: 0050896), "signaling" (GO: 0023052), and "immune system process" (GO: 0002376) helped to shed light on the adaptations of such endemic land snails. The assignment of GO functional terms to predicted A. quelpartensis unigenes followed a similar trend. The assigned sequences were categorized into 40 subcategories within three main categories, including "biological process" (19) , "molecular function" (11) , and "cellular component" (10) (Figure 9B ). Within the "biological process" category, "cellular process", "metabolic process" and "single-organism process" represented the most common GO terms. Within the "molecular function" category, "binding" and "catalytic activity" were the main GO assignments; within the "cellular components" category, the main assignments were "cell", "membrane", "organelle" and "macromolecular complex" (GO: 0032991). GO-based annotation suggested a diverse functional categorization of the predicted unigenes in A. chejuensis and A. quelpartensis, which is consistent with the results from the sequenced land snail T. pisana [20] and the freshwater snail O. hupensis [18] . In inferring functionality from GO terms, it is important to emphasize that not all GO terms are of equal validity, and that unigene function can be only predicted, not determined with certainty [38] . A GO classification, therefore, is not conclusive evidence of functionality and, in the absence of experimental verification, GO results can only suggest functionality. A large number of false positives are likely in many species as the majority of GO terms are assigned the code "IEA" (inferred from electronic annotation). These are terms that have not been manually curated and hence are of questionable validity. The GO term annotation in this study hence suggests that a gene is grouped to those of known (or predicted) function. terms are of equal validity, and that unigene function can be only predicted, not determined with certainty [38] . A GO classification, therefore, is not conclusive evidence of functionality and, in the absence of experimental verification, GO results can only suggest functionality. A large number of false positives are likely in many species as the majority of GO terms are assigned the code "IEA" (inferred from electronic annotation). These are terms that have not been manually curated and hence are of questionable validity. The GO term annotation in this study hence suggests that a gene is grouped to those of known (or predicted) function. In addition to COG analysis and GO annotation, we mapped the A. chejuensis and A. quelpartensis predicted proteins to reference KEGG pathways for functional categorization and annotation ( Figure  10 ). Annotation based on the KEGG database is an alternative method to assess the involvement of unigenes in significant biological pathways, thus providing insight into intracellular metabolic functions. The assembled unigenes fell into KEGG pathways corresponding to "metabolism", "genetic information processing", "environmental information processing", and "organismal systems". For A. chejuensis, this process led to the assignment of 5050 assembled unigene sequences to a total of 117 pathways, while 5838 sequences were assigned to 124 pathways for A. quelpartensis. The unigenes identified from A. quelpartensis, but not A. chejuensis, relates to caffeine metabolism; Dalanine, D-glutamine, and D-glutamate metabolism; flavone and flavonol biosynthesis; lysine biosynthesis; and other types of O-glycan biosynthesis pathways. Metabolic pathways were highly represented with 4809 and 5546 unigenes for A. chejuensis and A. quelpartensis, respectively, associated with basic metabolism functions. Among the "signal transduction mechanism" pathways, unigenes from both species were assigned to "mTOR signaling pathway" and "phosphatidylinositol signaling system". Unigenes from both species were assigned to the immune system "T-cell receptor signaling pathway". The KEGG pathway resources for land snails of the genus Aegista may help reveal the specific bioprocesses related to its successful adaptation to a particular habitat, as well as possible gene plasticity allowing survival in other environments. In addition to COG analysis and GO annotation, we mapped the A. chejuensis and A. quelpartensis predicted proteins to reference KEGG pathways for functional categorization and annotation ( Figure 10 ). Annotation based on the KEGG database is an alternative method to assess the involvement of unigenes in significant biological pathways, thus providing insight into intracellular metabolic functions. The assembled unigenes fell into KEGG pathways corresponding to "metabolism", "genetic information processing", "environmental information processing", and "organismal systems". For A. chejuensis, this process led to the assignment of 5050 assembled unigene sequences to a total of 117 pathways, while 5838 sequences were assigned to 124 pathways for A. quelpartensis. The unigenes identified from A. quelpartensis, but not A. chejuensis, relates to caffeine metabolism; D-alanine, D-glutamine, and D-glutamate metabolism; flavone and flavonol biosynthesis; lysine biosynthesis; and other types of O-glycan biosynthesis pathways. Metabolic pathways were highly represented with 4809 and 5546 unigenes for A. chejuensis and A. quelpartensis, respectively, associated with basic metabolism functions. Among the "signal transduction mechanism" pathways, unigenes from both species were assigned to "mTOR signaling pathway" and "phosphatidylinositol signaling system". Unigenes from both species were assigned to the immune system "T-cell receptor signaling pathway". The KEGG pathway resources for land snails of the genus Aegista may help reveal the specific bioprocesses related to its successful adaptation to a particular habitat, as well as possible gene plasticity allowing survival in other environments. 
Protein Domain Identification Using InterProScan Searches
Using InterProScan, we annotated 6826 and 7170 unique protein domains among the assembled unigenes of A. chejuensis and A. quelpartensis, respectively. The most well-represented protein domains identified in A. chejuensis unigenes were the zinc finger, C2H2-like domain (IPR015880), Gprotein-coupled receptor, rhodopsin-like family domain (IPR000276), and Ribonuclease H-like domain (IPR012337) ( Table 3 ). Other domains with sequence hits included the ankyrin repeat (IPR002110), protein kinase (IPR002290), RNA recognition motif (IPR000504), WD40 repeat (IPR001680), immunoglobulin-like fold (IPR013783), and C-type lectin domain (IPR001304). The protein domains most highly represented based on A. quelpartensis unigene annotation are shown in Table 4 . As with A. chejuensis, the dominant domains included the transcription factor zinc finger domains, protein kinase domains, and RNA recognition motif domains, which are pivotal in cellular regulatory processes. 
Using InterProScan, we annotated 6826 and 7170 unique protein domains among the assembled unigenes of A. chejuensis and A. quelpartensis, respectively. The most well-represented protein domains identified in A. chejuensis unigenes were the zinc finger, C2H2-like domain (IPR015880), G-protein-coupled receptor, rhodopsin-like family domain (IPR000276), and Ribonuclease H-like domain (IPR012337) ( Table 3 ). Other domains with sequence hits included the ankyrin repeat (IPR002110), protein kinase (IPR002290), RNA recognition motif (IPR000504), WD40 repeat (IPR001680), immunoglobulin-like fold (IPR013783), and C-type lectin domain (IPR001304). The protein domains most highly represented based on A. quelpartensis unigene annotation are shown in Table 4 . As with A. chejuensis, the dominant domains included the transcription factor zinc finger domains, protein kinase domains, and RNA recognition motif domains, which are pivotal in cellular regulatory processes. The zinc finger C2H2-like domains are ubiquitous protein domains responsible for interaction with nucleic acids and protein targets [39] . Generally, multiple clusters of C2H2 zinc finger domains enable highly specific nucleic acid binding, thus assisting in cell fate determination and early developmental processes [40] . Recently, an expansion of C2H2-like zinc finger domains was identified in amphioxus and the California two-spot octopus, Octopus bimaculoides [41] . The C-type lectin, WD-40, protein kinase, catalytic, ankyrin repeat and immunoglobulin-like fold domains were also found to be abundant InterPro domains in the Mytilus galloprovincialis digestive gland transcriptome [28] . Protein kinase domains and WD40 repeat domains are conserved sequences involved in signal transduction functions and apoptosis [42, 43] . Immunoglobulin-like fold repeat motifs are characteristic of proteins involved in the immune system and cellular processes, and are mediators of protein-protein interactions [44, 45] . The InterProScan protein domain identification complements the functional annotation of unigenes, but is not error-free since it is based on electronic annotation. Hence, it could be considered as a preliminary step to unravel the putative functions of assembled sequences from transcriptome characterization.
Simple Sequence Repeat (SSR) Identification
SSRs are short sequences of 2-6 bases, and are established molecular markers in gene polymorphism studies and genomics applications. The SSRs in cDNAs are considered more transferable than random genomic SSRs because SSRs in genes are likely to be more conserved across taxa than SSRs from noncoding regions [46] . Therefore, the strength of transcriptome-derived SSRs in facilitating evolutionary analyses is due to the fact that they likely occur in the protein-coding regions of annotated unigenes [47] [48] [49] . These SSRs can be used to analyze the attributes of functional genes in association with their phenotypes [50] . We identified SSRs in 37,869 and 40,573 unigene sequences longer than 1 kb from A. chejuensis and A. quelpartensis, respectively. A total of 9542 and 10,395 SSRs comprising dinucleotide to hexanucleotide repeats were identified as high-priority markers. Mononucleotide microsatellites may arise from errors in sequencing homopolymeric regions, and thus were not considered for this study. We have provided a list of primer sequences that can be utilized to target the potential polymorphic SSRs in the two species (Tables S4 and S5 for A. chejuensis and A. quelpartensis, respectively). To characterize the markers in more detail and improve their utility for conservation genetics, we provide the PANM-DB annotation of SSR-containing sequences. Some of these microsatellite markers are located in unigene sequences related to innate immunity and defense (such as T-cell receptor, fibrinogen related protein, TRAF3, lectins, tumor necrosis factor etc.), defense processes against oxidative stress and other environmental perturbations (such as acetylcholine receptor, cytochrome P450 etc.), and regulatory binding/interaction processes (including the zinc finger motifs and serine/threonine motifs). This information may be useful for future work related to conservation genetics and population genetics for these two species endemic to Korea.
In both species, dinucleotide repeat motifs were the most common type of marker, followed by trinucleotide and tetranucleotide motifs. In A. chejuensis, dinucleotide repeats with six tandem iterations, trinucleotide repeats with five tandem iterations, and tetranucleotide repeats with four tandem iterations were the most common ( Figure 11A ). Among the different numbers of tandem repeats, six tandem iterations were more common, followed by five and seven tandem iterations. The majority of pentanucleotide and hexanucleotide repeats showed a maximum of four tandem iterations. In A. quelpartensis, the frequencies of various types of SSRs were similar to those of A. chejuensis. The most frequent repeats were dinucleotides, which accounted for 57.58% of all SSRs, followed by trinucleotides (31.62%) and tetranucleotides (10.10%). Six iterations were most common among dinucleotide repeats, while five iterations were the most common among trinucleotide repeats. The less-common pentanucleotide and hexanucleotide repeats had a maximum of four iterations. SSRs with few tandem iterations were more common than those with many iterations, with the most common class being n = 6. A summary of the classified repeat types in A. quelpartensis unigenes is shown in Figure 11B . among dinucleotide repeats, while five iterations were the most common among trinucleotide repeats. The less-common pentanucleotide and hexanucleotide repeats had a maximum of four iterations. SSRs with few tandem iterations were more common than those with many iterations, with the most common class being n = 6. A summary of the classified repeat types in A. quelpartensis unigenes is shown in Figure 11B . We also identified the most common repeat motif types among SSRs (Figure 12 ). Among A. chejuensis SSRs, AC/GT motifs (29.99%) were most abundant among dinucleotide repeats, while ATC/ATG motifs (11.30%) and AAAG/CTTT (1.41%) were the most abundant among trinucleotide and tetranucleotide repeats, respectively. A detailed profile of the SSR motif types identified in A. chejuensis is shown in Figure 12A . Among the A. quelpartensis SSRs, AC/GT (29.41%) was also the most abundant dinucleotide repeat type ( Figure 12B ). The most abundant trinucleotide and tetranucleotide motifs were ATC/ATG (10.91%) and ACAG/CTGT (1.5%), respectively. In the invasive snail P. canaliculata [37] and oyster Crassostrea hongkongensis [16] , dinucleotide repeats with AG/CT and AT/AT repeat motifs were the most abundant SSRs. We also identified AT/AT repeat types in both A. chejuensis and A. quelpartensis SSRs. In the snail E. malaccana, the most common dinucleotide motif types in SSRs were AC/GT, followed by AG/CT [15] . SSRs identified from unigenes will facilitate future research on the genetic diversity and conservation of these species. We also identified the most common repeat motif types among SSRs (Figure 12 ). Among A. chejuensis SSRs, AC/GT motifs (29.99%) were most abundant among dinucleotide repeats, while ATC/ATG motifs (11.30%) and AAAG/CTTT (1.41%) were the most abundant among trinucleotide and tetranucleotide repeats, respectively. A detailed profile of the SSR motif types identified in A. chejuensis is shown in Figure 12A . Among the A. quelpartensis SSRs, AC/GT (29.41%) was also the most abundant dinucleotide repeat type ( Figure 12B ). The most abundant trinucleotide and tetranucleotide motifs were ATC/ATG (10.91%) and ACAG/CTGT (1.5%), respectively. In the invasive snail P. canaliculata [37] and oyster Crassostrea hongkongensis [16] , dinucleotide repeats with AG/CT and AT/AT repeat motifs were the most abundant SSRs. We also identified AT/AT repeat types in both A. chejuensis and A. quelpartensis SSRs. In the snail E. malaccana, the most common dinucleotide motif types in SSRs were AC/GT, followed by AG/CT [15] . SSRs identified from unigenes will facilitate future research on the genetic diversity and conservation of these species. 
Experimental Section
Sample Preparation, cDNA Synthesis and Illumina Sequencing
A. chejuensis and A. quelpartensis were collected in living conditions from evergreen Jeju Jeolmul National Recreation Forest in Myeongnim-ro, Jeju-si, Jeju-do Island, Korea in August 2014. Our collection was permitted and assisted by the forest institute. Since these land snails are not on the list 
Experimental Section
Sample Preparation, cDNA Synthesis and Illumina Sequencing
A. chejuensis and A. quelpartensis were collected in living conditions from evergreen Jeju Jeolmul National Recreation Forest in Myeongnim-ro, Jeju-si, Jeju-do Island, Korea in August 2014. Our collection was permitted and assisted by the forest institute. Since these land snails are not on the list of endangered or protected species, no other permission was required. The snails were brought to the laboratory and rinsed in double distilled H 2 O to remove the mud and other particles attached to the shell. Snails were maintained at room temperature, within built-in enclosures and provided with water and food ad libitum. The snails were carefully removed from their shells with care to remove shell fragments. Whole-body samples of A. chejuensis and A. quelpartensis (n = 10) were frozen in liquid nitrogen for RNA extraction.
Total RNA was extracted from the snap-frozen homogenized samples using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) following the manufacturer's protocol. RNA samples were treated with RNase-Free DNase I to eliminate genomic DNA. The purity and integrity of the extracted RNA was confirmed using the NanoDrop-2000 Spectrophotometer (Thermo Scientific, Wilmington, DE, USA) and Agilent 2100 Bioanalyzer with a minimum integrity number value of 7.
Oligo(dT) beads were used to elute poly(A) mRNA after RNA extraction. The mRNA was fragmented using fragmentation buffer to obtain short fragments prior to cDNA synthesis. First-strand cDNA synthesis was carried out using random-hexamer primers, with the short fragments as templates. Second-strand cDNA synthesis was carried out using buffer, dNTPs, RNaseH, and DNA polymerase I. The synthesized double-stranded cDNA was purified using the QiaQuick PCR extraction kit (Qiagen Inc., Valencia, CA, USA) and resolved with EB buffer for end-repair and A-tailing. Subsequently, sequencing adapters were attached to the fragments. The fragments were purified by agarose gel electrophoresis and enriched by PCR amplification. The cDNA library was sequenced by GnC Bio Company, Daejeon, Korea, using the Illumina HiSeq 2500, according to the manufacturer's instructions. The transcriptome datasets of A. chejuensis and A. quelpartensis are available from the NCBI Sequence Read Archive (SRA) under the accession numbers SRP064881 (Project number PRJNA298949) and SRP064882 (Project number PRJNA298950), respectively. The datasets with the assembled contig information can be downloaded on or after 16 October 2016 (release date) [51] .
De novo Transcriptome Assembly
The raw reads generated by Illumina sequencing were transformed by base calling and preprocessed to remove adapter fragments, ambiguous reads (i.e., reads more than 5% unknown nucleotides) and low-quality sequences (Phred quality score <20 bases). Overlapping high-quality reads were used to create longer contiguous fragments (contigs) using the Trinity short reads assembler [52] . Assembly was carried out using the default Trinity options and a minimum length of 200 nt. The contig N50 value was computed using the Trinity script: % $TRINITY_HOME/util/TrinityStats.pl Trinity.fasta. Next, we used the TIGR Gene Indices Clustering Tools (TGICL) [53] a sequence clustering software, to cluster contigs into unigenes. The unigene sequences constitute expressed assembled sequences, but are not characterized sufficiently to be represented as a gene. For TGICL, we used the default parameters: n (number of sequences in a clustering search slice)-1000, p (minimum percent identity for overlaps)-94, I (minimum overlap length)-30, and v (maximum length of unmatched overhangs)-90.
Functional Annotation
The assembled unigenes profile was determined by a sequence-based annotation against Protostome database (PANM-DB) using BLASTX alignment (E-value ď 1ˆ10´5). PANM-DB is a database for the analysis of molluscan NGS data, and contains protein sequences from Arthropoda, Nematoda, and Mollusca [34] . PANM-DB is linked to the amino acid BLAST web-interface of the Malacological Society of Korea [54] . Additional databases used for unigene annotation included the Unigene (BLASTN; E-value ď 1ˆ10´5), Clusters of Orthologous Groups (COG), and Gene Ontology (GO) DB. The best-aligned results were used to determine the sequence direction and coding sequence (CDS) of the unigenes. GO and Kyoto Encyclopedia of Genes and Genomes (KEGG) annotations were assigned using the Blast2GO program [55] . WEGO software [56] was used to suggest the GO functional classification. The protein domain hits for assembled unigenes were recorded based on an InterProScan search in the Blast2GO interface [57] .
SSR Motifs Detection
Simple sequence motifs (SSR) were identified using the program MicroSAtellite (MISA) [58] on unigenes of A. chejuensis and A. quelpartensis longer than 1 kb. The parameters defined for SSR analysis were as follows: di-, tri-, tetra-, penta-, and hexa-nucleotide repeats with a minimum of six, five, four, four, and four repeat numbers, respectively. Owing to the possibility of homopolymer generation during Illumina sequencing, we excluded mononucleotide repeats from our analysis. The BatchPrimer 3 program [59] was used to design the primers flanking the SSR motifs for polymorphism analysis. Primers were designed based on the following criteria: dinucleotides with six or more iterations and tri-/tetranucleotides with a minimum of four iterations. The primer characteristics were as follows: primer length 18-23 bases with an optimum size of 21 bases, product size of 100-300 bases, Tm (melting temperature) ranging from 50 to 70˝C, and primer GC% of 30%-70%. We also predicted unigene function based on homology to PANM-DB sequences (E-value cut-off of 10´5).
Conclusions
Our study represents the first transcriptome analysis for the land snails A. chejuensis and A. quelpartensis, which are endemic to Korea and are listed in the Red List of Threatened Species. Our results include novel genetic resources which may prove valuable in future research on the adaptive physiology and phylogeography of these species. Our genomic data were generated using Illumina HiSeq 2500 de novo transcriptome assembly, and functions were predicted using BLAST searches against public databases. Furthermore, SSRs identified from unigenes will facilitate the assessment of genetic diversity and conservation of these species in their natural habitat.
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